Background: Two carotenoids, lutein and zeaxanthin are found in the retinal pigment epithelium of the eye where they are believed to protect it against oxidative and light damage. The amounts of these carotenoids consumed by premature infants are not known. Objective: The objective of the investigation was to measure these carotenoids in human and formulae milks. Design: In all, 28 human milk samples were obtained at various times between days 1 and 41 of lactation from 13 mothers. Six formula milks commonly used in hospitals were also analysed. Setting: Mothers who provided the milk samples had infants in the neonatal ward at the Royal Maternity Hospital, Belfast. Results: Median lutein and zeaxanthin concentrations in human milk were 4.79 (range 0.42-9.98) nmol/g fat and 0.55 (0.00-1.70) nmol/g fat, respectively. Five of the six formula milks also contained lutein and zeaxanthin with concentrations that varied over a wide range (0.7-9.7 and 0.1-1.2 nmol/g fat, respectively). Conclusions: Carotenoid concentrations usually decreased with the duration of lactation. Some formula milks that were specially formulated for premature infants contained high concentrations of the lutein and zeaxanthin and the source may be egg yolk. Sponsorship: These studies were supported by the University of Ulster and the Northern Ireland Mother and Baby Appeal.
Introduction
The nutritional quality of the diet is of utmost importance during infancy. During the first few months after birth, tissue and organ synthesis rates are high, while the processes of maturation continue rapidly. These changes require a balanced and relatively large intake of specific nutrients and energy.
The composition of human milk is such that it provides the infant with all its nutritional requirements in early life and is a uniquely species-specific nutritive fluid (Wagner et al, 1996) , with the possible exception of vitamin D and iron. Breast milk contains many components not found in formula that may help the growth and development of the infant, while also promoting mother-baby bonding (Ebrahim, 1993) .
Lutein and zeaxanthin are two yellow carotenoids that give the macular area of the eye its colour, and are selectively accumulated in this part of the eye. Lutein and zeaxanthin are specifically located in the neuronal retina and are believed to play a role in protecting it against oxidative and light damage (Bone et al, 1985) . As they are the only carotenoids present in the macula lutea and retina, they are believed to exhibit specific biological functions (Bone et al, 1997) . These carotenoids have been implicated in macular function and prevention of degeneration (Bone et al, 1988) , thus although current interest is in the role of lutein and zeaxanthin in relation to age-related macular degeneration, the carotenoids may also be important as protective factors in retinal pigment epithelium (RPE) of the new-born infant.
The macular carotenoids are of dietary origin (Malinow et al, 1980) . Green leafy vegetables are the primary source of lutein and zeaxanthin. Lutein is widely distributed in green vegetables (it is a major chloroplast pigment and is therefore present in all green leafy vegetables), and is one of the five most common carotenoids found in the diet. It is suggested that lutein and zeaxanthin diffuse across the placenta in amounts controlled by the concentration in mothers' plasma since there are direct correlations between the respective amounts of the two carotenoids in mothers' and babies' plasma (Jewell et al, 2000) .
Concentrations of lutein in human milk are reported to be two to three times higher than those of b-carotene, whereas the comparative concentrations in mothers' blood are approximately equal (Khachik et al, 1997) . This observation suggests that lutein may be secreted into milk rather than being acquired by passive diffusion as the other carotenoids appear to be (Canfield et al, 1998; Macias & Schwiegert, 2001) .
The major components in formula milk are similar to breast milk, but breast milk contains many additional factors (Villapando & Hamosh, 1998; Bernt & Walker, 1999) , and is the best form of nutrition for the infant. Currently, there is little information on the levels of lutein and zeaxanthin in human milk and none in formula milk. Prior to these studies it was believed that human milk was the only dietary source of lutein and zeaxanthin for infants until introduction of solid foods.
The objective of this investigation was to describe the concentration of carotenoids in breast and formula milks, focusing on lutein and zeaxanthin. Some of these data were previously presented in abstract form Mayes et al, 2001 ).
Materials and methods

Samples
Human milk samples were obtained after informed consent from donors within the Royal Maternity Hospital, Belfast or from mothers of infants whose plasma carotenoids are reported elsewhere (Jewell, 2001) . A random series of 28 human milk samples from 13 mothers were obtained between days 1 and 41 postpartum, where the amount was sufficient or no longer required. Most of the mothers gave more than one sample. Milk was expressed using a breast pump. These were banked samples collected at varying times when it was possible for mothers to provide milk. Six formula milks commonly used in hospitals were also analysed for carotenoids. Milupa Pre-Aptamil (Wiltshire, UK), SMA Low Birthweight (LBW) (Berks, UK) and Cow & Gate (C&G) Nutriprem (Wiltshire, UK) are specially formulated for the preterm infant, whereas Milupa Aptamil (Wiltshire, UK), SMA Gold and C & G Premium are a first milk for full-term infants. The milks were premixed and vacuum-sealed and stored at room temperature in the dark for 4 weeks until analysis. Ethical approval was given by Queens University Belfast Ethics Committee.
HPLC methods
The milk samples were analysed for lutein and zeaxanthin using a modified version of the step gradient-HPLC methods of Emenhiser et al (1996) and Dachtler et al (1998) . All reagents were supplied by BDH Laboratory Supplies (Poole, UK) unless otherwise indicated. All solvents used were HPLC grade. Mobile phase A comprised methanol (MeOH) and t-butyl methyl ether (BME, Sigma-Aldrich, Poole, UK) 89:11(v/v) and mobile phase B consisted of MeOH:BME (62:38 v/v). Both contained 0.01 g/l butyl hydroxy toluene (BHT, Sigma-Aldrich) which serves as an antioxidant, and all mobile phase(s) was degassed by sonication for 30 min before use, and then passed through an online solvent filter (Millipore-Waters, UK) before entering the system. Mobile phase A ran for 12 min and then B ran for 23 min giving a run time of 35 min/sample with 20 min re-equilibration time at 1 ml/min. The system comprised a 4.6 Â 250 mm 2 3 mm C 30 carotenoid column (YMC, Berkshire, UK), a binary pump (Perkin-Elmer, CT, USA), a 712 Wisp sampler set to 151C and a Photodiode Array Detector (PDA) controlled by the Millenium 2.1v software (Millipore-Waters, UK). The system was standardised prior to analysis of the samples using commercially available standards with the exception of zeaxanthin, b-cryptoxanthin and echinenone (internal standard for milk assay) that were gifts from Hoffman-La Roche PLC (Basel, Switzerland).
Fat-soluble vitamin extraction from milk
The extraction method of Jackson et al (1998) was modified by scaling down 10-fold to allow analysis of 200 ml of milk and by incorporating an internal standard. Frozen human milk was thawed overnight in the refrigerator at 41C. The following morning, the samples were allowed to warm to room temperature. Formula milks and human milk were thoroughly mixed by sonication. Saponification was performed by adding 150 ml of 50% (wt/vol) aqueous potassium hydroxide, 150 ml of ethanol and 100 ml of internal standard in ethanol (echinenone: 2 mg dissolved in 100 ml dichloromethane and then a 1:10 dilution of this in ethanol), to 200 ml of milk. The samples were placed in an oscillating waterbath at 451C for 45 min. The carotenoids were extracted from the saponified matrix using 1.5 ml of hexane with 0.01 g/l BHT twice. The combined hexane extract was then washed with the same volume (2.5 ml) of 5% (v/v) aqueous acetic acid solution by vortexing for 30 s. The top layer was then removed and evaporated to dryness under nitrogen at 301C. The resulting residue was reconstituted in 100 ml of mobile phase A (see HPLC assay description), and 50 ml was injected onto the column. In addition to the internal standard, spiking experiments were performed using breast milk in order to ensure adequate recovery and stability of the carotenoids during saponification.
Recoveries obtained were at least 80%. Retention times were usually used to identify the carotenoids, but in addition confirmation of the identities of lutein and zeaxanthin peaks was made by spectral analysis. Both matched the spectral profiles for the carotenoids lutein and zeaxanthin with absorption maxima (l max ) at 418, 443, 462 nm (IARC, 1998).
Creamatocrit measurements
The milk was drawn into standard glass capillary tubes (75 Â 1.5 mm 2 outside diameter) and sealed with plasticine.
They were centrifuged using a microhaematocrit centrifuge (Hawksley, England) for 15 min. Immediately following centrifugation the cream layer was measured and expressed as a percentage of the length of the milk column in the tube, termed the 'creamatocrit' (Lucas et al, 1978) . The fat concentration was expressed in grams per litre, using the equation: (Creamatocrit (%) Â 6.48)À1.46 (Prentice, 1981) to enable milk lutein and zeaxanthin to be expressed as nanomoles per gram of fat.
Statistical analysis
The Statistical Package for Social Science (SPSS Version 9, SPSS Inc., Surrey, UK) was used to carry out the statistical analysis. Concentrations of lutein and zeaxanthin in the human milk tended to be skewed; therefore, log-transformation was carried out prior to using parametric statistics, but the raw data are displayed as medians and ranges. Pearson correlations were used to determine relations between lutein and zeaxanthin in breast and formula milk, and within the full-term and preterm groups. Independent samples t-test and ANOVA were used to analyse the data from preterm vs full-term milks.
Results Table 1 shows lutein and zeaxanthin concentrations found in 28 different expressed breast milk samples, from 13 women. Median (range) lutein was 4.79 nmol/g fat (n ¼ 28) (0.42-9.98 nmol/g fat) and zeaxanthin was 0.55 nmol/g fat (0.00-1.70 nmol/g fat).
For these values, breast milk lutein is approximately seven times greater than that of zeaxanthin. A total of 28 breast milk samples were obtained from 13 women at different times postpartum at the Royal Maternity Hospital, Belfast. Milk was extracted as described by Jackson et al (1998) and chromatographed by a modification of the method of Emenheiser et al (1996) . N/A denotes information not available. Table 2 shows the micronutrient results for six formula milks. Five of the six milks contained lutein concentrations varying over the range 0.7-9.7 nmol/g fat, but none was detected in C & G Premium. For zeaxanthin, five of the six milks contained amounts varying from 0.1 to 1.2 nmol/g fat, but none was found in SMA LBW. There was a nonsignificant relation between concentrations of lutein and zeaxanthin in the formula milk (n ¼ 6, r ¼ 0.519, Pearson).
The formula milks also contain large concentrations of many other micronutrients ( Table 2 ). The concentrations of a-and b-carotene also spanned a similar range to lutein, and a-and b-cryptoxanthin were detectable. Retinol concentrations varied from 21 to 361 nmol/g fat in the different samples, but the highest micronutrient concentrations observed were of the a-tocopherol concentrations, which ranged from 0.92 to 5.57 mmol/g fat.
Milupa Aptamil, Pre-Aptamil and C & G Nutriprem contained the highest concentration of lutein of all the formulae milk, where values of 7.7, 8.2 and 9.7 nmol/g fat, respectively, were observed (Table 2) . These values were approximately double the median concentration in breast milk (4.79 nmol/g fat). SMA Low birthweight was next highest containing 4.0 nmol lutein/g fat, that is, similar to breast milk (Table 1) . SMA Gold had a lutein concentration of 0.7 nmol/g fat and none was detected in C & G Premium.
Zeaxanthin concentrations in SMA Gold, Milupa PreAptamil, C & G Nutriprem and Milupa Aptamil were 0.2, 0.2, 0.2 and 1.2 nmol/g fat respectively. These values were similar to the amounts found in breast milk and only Milupa Aptamil was higher (1.2 nmol/g fat, Table 2 ). No zeaxanthin was detectable in SMA Low Birthweight, and only traces in C&G Premium. Figure 1 Changes in lutein and zeaxanthin concentrations in breast milk over 3 days.
Lutein and zeaxanthin in human milk VC Jewell et al Figure 1 shows lutein and zeaxanthin concentrations in six breast milk samples expressed over a 3-day period by one mother. Lutein concentrations appeared to be at their lowest in the mornings and increased throughout the day, as highest concentrations are observed at night time. Zeaxanthin concentrations were low throughout (0.00-0.26 nmol/g fat) and showed no specific pattern.
Figures 2 and 3 show changes in breast milk lutein and zeaxanthin, respectively, from birth onwards in five mothers. All lutein concentrations decreased after day one of lactation with one exception. Zeaxanthin concentrations are lower than those of lutein, with no particular trend over time. Of the 28 breast milk samples, 19 were from mothers delivering preterm infants. Table 3 shows median lutein and zeaxanthin concentrations for the two groups separately and P-values (Pearson) for the correlations between lutein and zeaxanthin in the full-term and preterm groups. The median lutein concentration in full-term milk (6.36 nmol/g fat) was more than double the concentration in preterm milk (3.12 nmol/g fat), but this difference was not significant Lutein and zeaxanthin in human milk VC Jewell et al because of small numbers (t-test). Median preterm zeaxanthin (0.70 nmol/g fat) was almost three times higher than the full-term concentration (0.26 nmol/g fat) but the difference was not significant (t-test). Furthermore, there was no significant difference observed in zeaxanthin or lutein concentrations between the preterm or the full-term groups when the analysis was controlled for 'days postpartum' (ANOVA).
Discussion
The aim of this paper was to measure lutein and zeaxanthin concentrations in breast milk and formulae milk. Breast milk concentrations of lutein and zeaxanthin appear to differ greatly between individuals, as is also seen in plasma (Thurnham & Northrop-Clewes, 1999) . Jackson et al (1998) and Macias and Schweigert (2001) also reported a high between-subject variation in his study of milk carotenoid concentrations. The coefficient of between-subject variation in the combined lutein and zeaxanthin concentrations reported was 68% by Jackson et al (1998) , and was approximately the same as found in the Irish samples (CV 68% for lutein and 72% for zeaxanthin). In addition, the data indicate that after day 1 of lactation, lutein concentrations in breast milk drop significantly in all but one set of samples. By days 12-20 of lactation, concentrations had dropped to almost zero. In contrast, zeaxanthin concentrations show a different picture. The concentrations of zeaxanthin were on average seven times lower than lutein on day 1, and there was no evidence of any change in concentration with time. b-Carotene concentrations in the breast milk samples showed the same pattern as lutein. Likewise, the decrease in b-carotene concentrations appear to be in similar proportion to those of lutein (compare Figures 2 and 4) .
Median lutein and zeaxanthin concentrations in human milk found in this study (4.79 and 0.55 nmol/g fat, respectively) compare well with those of Macias and Schweigert (2001) , who report concentrations of 3.41 mg/g (5.29 nmol/g) fat and 0.47 mg/g (0.73 nmol/g) fat for lutein and zeaxanthin, respectively. They found that concentrations of all components investigated (lutein, zeaxanthin, bcryptoxanthin, lycopene, a-and b-carotene, and retinol) decreased over time with highest values in colostrum and lowest in mature milk. Similar decreases were found in this investigation, with the exception of zeaxanthin. The median concentrations of lutein early in lactation in the Irish samples was 145 nmol/l (48-339 nmol/l), but this fell approximately five-fold in the next 12-21 days. Similarly, All analyses were performed on log-transformed data.
a Significance of correlations between lutein and zeaxanthin (Pearson). *Significance of differences between preterm and full-term carotenoid concentrations without (*) and after (**) controlling for days postpartum (ANOVA). Sommerburg et al (2000) report significant five-fold differences between colostrum and mature milks for cryptoxanthine, lycopene and a-and b-carotene, although they do not report findings for lutein and zeaxanthin. The data from one mother suggested that breast milk lutein concentrations may also vary throughout the day. Concentrations appear to be lowest in the mornings and rise towards the evening, and such effects may indicate that concentrations rise after meals, and drop during the night when there is no food taken. Zeaxanthin levels in the breast milk of this individual were generally low. Jackson et al (1998) also report that breast milk carotenoids rise throughout the day. They found that in general carotenoid concentrations (n ¼ 9) peaked at midday, whereas in the subject reported here, the concentration peaked in the evening.
In total, 68% of the 28 breast milk samples analysed were from mothers delivering preterm infants. Lutein concentrations tended to be higher in full-term milk than preterm milk (NS), but zeaxanthin concentrations tended to be higher in preterm milk (NS). Dietary intake and time of day no doubt influenced these data but the number of days postpartum is probably the major factor responsible for these observations. However, even when the latter factor was taken into account, the differences were still not significant. The statistical power is limited here given the small number of subjects and the variability in carotenoids.
Formula milks are supplemented with various micronutrients. All of the milks analysed for this report were fortified with vitamins A and E (information from manufacturers' data sheets), which is reflected in the very high concentrations of these vitamins observed in some of the milks. Manufacturers' data sheets indicated that all of the milks, with the exception of Milupa Pre-Aptamil were fortified with b-carotene, and as would be expected, none was detectable in the latter. Fat values shown in Table 2 were taken from the manufacturer's data sheets. There was no information in manufacturers, data sheets to indicate that either lutein or zeaxanthin was added to any formula, and until now there have been no reports of these carotenoids in formula milk. However, we found that both Aptamil, Pre-Aptamil, (Milupa) and Nutriprem (C & G) contained quite large concentrations of lutein (7.7, 8.2 and 9.7 nmol/g fat) and SMA Low birthweight contained an amount similar to breast milk, but there was very little or none in the other two. As there is nothing to indicate that either lutein or zeaxanthin were added to any formula milk, they must be components of other ingredients in the milk. Subsequently, information on sources of fat in the milks was obtained from the manufacturers, and those milks with high concentrations of lutein and zeaxanthin, were found to contain egg lipid as a major fat source. Egg lipid is a rich source of lutein and to a lesser extent zeaxanthin, and therefore is the most likely source of these carotenoids in formula milks. Unpublished information from our laboratory shows the concentration of lutein plus zeaxanthin in egg yolk to range from 2 to 22 mg/g fat depending on the level of lutein supplied by the chicken feed. It is also interesting to note that the two highest lutein concentrations were observed in milks specially formulated for the preterm infant, who will potentially require a higher concentration for protection against oxidative damage to the eye. Sommerburg et al (2000) have published some data on cryptoxanthin, lycopene and a-and b-carotene concentrations in human and formula milks. They analysed eight formula milks and found that lycopene and b-carotene were not detectable in any of the formula milks, and b-carotene was present in four of the eight while cryptoxanthin was present in only three. In contrast, the formula milks analysed in this Irish study contained varying amounts of all of the above carotenoids with the exception of one milk that did not contain any b-carotene. This did not surprise us however as the manufacturer's data sheets state that no b-carotene was added to that preparation.
In conclusion, human milk concentrations of the lutein and zeaxanthin in Northern Ireland mothers vary greatly between individuals, and show a rapid fall postpartum. There were indications that milk from mothers with premature infants contained less lutein than full-term milk but this was not significant. Surprisingly, formula milks also contain the carotenoids lutein and zeaxanthin, and concentrations vary greatly between milks. Milupa Pre-Aptamil and C & G Nutriprem contain the highest concentrations of the two carotenoids, in amounts far higher than those observed in human milk. Egg lipid is a major fat source in these formula milks and is the most likely source of the two carotenoids.
